EXTENSIVE studies provide the basis for correlating electrocardiograms with specific electrolyte abnormalities in clinical situations. The electrocardiogram has beeti of considerable value in the diagnosis aiid management of specific electrolyte imbalance.
Ilemodialysis with the artificial kidney permits the study of the electrocardiogram during chaniging electrolyte pattermis in the patient with renal disease and the uremic syndrome. The marked alteration.s; in electrolyte concentrations occasionally occurring during dialysis may induce changes ini the electrocardiogram and cardiac function which constitute a hazard to the patient. m' 2 At frequent intervals durinig the course of 33 (lialyses in 28 patients, we have had the opportunnity to correlate the electrocardiographic changes with the plasma electrolyte coneentrations. This report summarizes our experience.
MATERIALS AND METHODS
The dialyses were performed on 12 femnale and 16 imale patients at Bellevue Hospital, The New York Hospital, and the Veterans Administration Hospital, New York City. The patients ranged in age fromn 10 to 74, with an average of 41 y-ears. The indication for dialysis was acute renal failure This work was supported in part by grants from the U. S. Public Hlealth Service (1H-2054 C) and the New York Heart Association. ' 2"'7 in I ) patieiits a1(d severe sy'miiptomilatic (bihonic uremia in 16 patients. One patient with multiple myeloma was treated by dialysis in an attempt to correct hypercalcemia and 1 patient was treated because of symptomatic biliary cirrhosis. Digitalis had been administered to 4 of the patients with acute renal failure, to 7 of the patients with chronic uremia, arid to 1 of the other 2 patients.
Hemodialysis was performed with a disposable twin-coil artificial kidney.3
In most instances the procedure lasted 6 hours, in several 8 or 10 hours, and in 1 patient 12 hours.
Simultaneous blood specimiens were collected from the patient and from the tubing returning blood to the patient fromn the dialysis unit. Specinlens were drawn at 2-hourly intervals or more frequently when indicated by electrocardiographic changes. Plasma was separated at once and frozen for later analysis. The concentrations of sodium, chloride, potassium, carbon dioxide combining power, and osmolality were determined.
Blood urea nitrogen values and weights were recorded before and after dialysis in most patients. Calcium hypocalcemia were also present at the start of dialysis.
The electrocardiogram showed normal sinus rhythm in 31 of 33 instances at the start of dialysis. The 2 exceptions were 1 patient with atrial tachycardia and another with atrial arrest with a nodal pacemaker. C. 0., a 10-year-old white girl was treated by dialysis on 3 occasions because of hyperpotassemia and severe uremia due to acute nephritis. Digitalis had been administered. During the first dialysis (case 26), there was wandering of the pacemaker from the sinus node to the AV node and within the AV node or AV dissociation ( fig. 5 ). During the second dialysis (case 27), the patient developed paroxysmal atrial tachycardia with block ( fig. 6 ). Addition of potassium to the bath reversed the changes on each occasion.
Case 5. E. K. a 16-year-old white woman with chronic pyelonephritis was subjected to dialysis because of severe uremic symptoms. She had received digitalis and the initial electrocardiogram revealed T-wave abnormalities. During dialysis nodal rhythm developed. After addition of potassium to the bath normal sinus rhythm returned, initially with first degree heart block ( fig. 7) . DISCUSSION Hyperpotassemia classically produces elevation and peaking of the T waves followed by prolongation of the QRS complex and disappearance of the P waves.6-8 Such electrocardiographic changes have been shown to correlate only roughly with measured concentrations of plasma potassium, and even this correlation is possible only at extreme concentrations.9' 10 The electrocardiogram in hypocalcemia may show QT-interval prolongation due mainly to alterations in the S-T segment,7 11 12 and the reverse may be true in hypercalcemia. 13 Rarely do these abnormalities occur singly. More often complex acid-base and electrolyte abnormalities accompany them and modify or exaggerate the electrocardiographic effects of a specific level of potassium14' 15 or calcium.
The complex relationships of the electrocardiogram to the measured concentrations of potassium, sodium, calcium, and carbon dioxide combining power (reflecting acidosis) are evident from the data presented. In addition, the effect of potassium appears to be modified if the electrocardiogram is basically abnormal. 6-8, 16, 17 Moreover, hemodialysis tends to correct many existing electrolyte abnormalities. Equilibrium across the membrane is probably achieved at varying rates, dependent on variations in exchange gradients and available ion stores. Anticipated electrocardiographic patterns are thus often lacking before and during dialysis. Figures 1 to 7 have been chosen to illustrate the complexity of these relationships.
Plasma electrolyte concentration poorly reflects intracellular ion concentration; nor have attempts to correlate the intracellular electrolyte concentration with the electrocardiogram proved more reliable.7 During dialysis, ion exchange across the cellular membrane can be postulated. In several instances electrocardiographic changes appeared and were reversed by adding potassium to the dialysing bath without significant change in plasma values. The speed of exchange at the cellular membrane is probably also important. In case 26 ( fig. 5 ) signs of digitalis toxicity appeared when the plasma potassium concentration was 4.0 mEq. per L. and disappeared with the addition of 20.0 Gm. of potassium chloride to the bath. However, at the end of dialysis the plasma potassium concentration was even lower, 3.0 mEq. per Ij., than that at which digitalis toxicity had been manifest. Addition of potassium to the bath may have slowed or even reversed exchange across the cellular membrane.
The interaction of digitalis and potassium acting on the AV node is demonstrated in figures 6 and 7 . In each instance, the addition of potassium to the dialysing bath reversed signs of digitalis toxicity.
In the patient with heart disease who receives digitalis, electrolyte changes assume particular significance during hemodialysis. The appearance of enhanced digitalis effects and toxicity under these circumstances has been described by several observers."12 This may result from lowered plasma potassium, correction of acidosis, and elevated calcium level, or all 3. It is not known whether dialysis will decrease total body stores of digitalis.
Because of the occurrence of adverse cardiac effects, particularly in the patient with heart disease, frequent electrocardiographic observations are warranted during the course of hemodialysis. SUMMARY Extracorporeal hemodialysis employing the disposable coil artificial kidney affords an excellent opportunity for electrocardiographic study during changing electrolyte patterns. Electrolyte data are presented in 28 patients during the course of 33 dialyses and alterations are correlated with the electrocardiogram. The data reemphasize that in most clinical situations electrocardiographic changes are rarely associated with specific electrolyte concentrations and abnormalities.
In the patient who has received digitalis prior to dialysis, frequent electrocardiographic observations during dialysis are necessary to detect and prevent serious digitalis intoxication. SUMMARIO 
